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Various flow formation features from gullies to recurring slope lineae (RSL) have been 
identified across the martian surface. The formation of these geologic features are still being 
determined. Recently, several aspects of these flow features indicate that salt water flows in the 
subsurface during the warmer months when the ice melts. This paper explores the formation of 
these processes using laboratory experimental simulations. Experiments were conducted in a 
wooden flume under varying martian conditions of temperature, slope angle, regolith simulant 
and a liquid subsurface flow. By adjusting the flume at specific heights, several slopes were 
obtained to mimic the slopes that RSL are present on. It is concluded that the fluvial geomorphic 
features that denote whether a flow feature is a gully, RSL or other flow formation feature are 
mainly based off the slope and environmental conditions. However, other conditions such as 
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Recurring slope lineae (RSL) are dark streaks that appear annually on the martian surface 
[McEwen et al., 2011; McEwen et al., 2013]. They are hypothesized to form from liquid brines 
that flow downslope from the melting of ice within the regolith. Emerging from bedrock, RSL 
occur on steep slopes during the warm spring to summer months and fade when the temperatures 
decrease in the winter Figure 1. These features have been identified most commonly in the 
southern mid-latitudes facing the equator [McEwen et al., 2011; McEwen et al., 2013]. The 
recurring characteristics of RSL imply that not only are RSL dependent on seasonality, but they 
could also indicate a possible persistent liquid source that might be water. The presence of 
recurring water could form suitable, near-surface environments for life [Stillman et al., 2014; 
Martin-Torres et al., 2015].  
 
The objective of this research was to simulate flow formation features under a range of slope 
angles, temperature conditions and fluid solutions using JSC Mars-1 regolith simulant. The 
experiments were designed to investigate the possible role of these controls in the formation of 




Figure 1: Represents the recurring properties of slope lineae. A shows the dark streaks appearing 
in late summer, fading in B and C in early spring of the following year and then reappearing that 




History of Water on Mars 
Mars is the only known planet to have had flowing liquid water on the surface. The climate of 
Mars varies considerably from each geologic period. It is important to analyze the climate and 
 3 
atmosphere to create a better understanding the stability of liquid water and the implication it had 
on the evolution of the martian environment [Carr, 1996; Head and Marchant, 2014]. There are 
three geologic epochs that surface features on Mars have been divided into; Noachian, Hesperian 
and Amazonian. The Noachian period is estimated to have lasted until 3.7 billion years ago. It 
received its name and time duration from the heavy bombardment in the Noachis region. 
Following from 2.9 to 3.3 billion years is the Hesperian age, named after the Hesperian Planum. 
The boundary between the Hesperian and Noachian still has yet to be exactly determined. Lastly, 
the Amazonian period is from the Hesperian to present day Mars and named after the Amazonia 
Planum [Carr and Head, 2009].  
 
The Noachian period is known for the high rates of erosion, cratering and valley formation. Most 
of the Noachian terrain is dissected by thousands of kilometers of valley networks as seen in 
Figure 2. These dense and area-filled networks indicate episodic precipitation and runoff during 
this period [Carr and Head, 2010]. Howard et al., (2005a, b) suggested that widespread fluvial 
erosion of crater rims and higher ground was apparent in most of the Noachian. The degradation 
during the Noachian landscape led to the deposition of erosional debris such as the Holden 
Crater (Figure 5). The Noachian was the time when the best evidence for warm conditions on 
Mars are present [Carr and Head, 2010]. An outline of the major geologic processes with the 





Figure 2: Evidence of fluvial craters in the martian highlands. The low-lying areas are darker 
shades of blue and higher areas are shades of dark brown from the Mars Observer Laser 
Altimeter elevation data combined with imagery. Image credit: Baker et al., 2015. 
 
Valley network formations continued from the Noachian into the Hesperian. The largest outflow 
channels occurred during the Hesperian but soon declined to the earliest Hesperian period. The 
evidence of large outflow channels suggests a rapid release of large amounts of stored water. 
Large volumes of stored water could indicate lakes, ice or subsurface aquifers. All three 
geological evidences of these sources are present on Mars from the drainage lakes in Valles 
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Marineris [McCauley, 1978; Lucchitta et al., 1992; Harrison and Chapman, 2008], meltwater 
from northern polar caps [Clifford, 1980; Fishbaugh and Head, 2002; Hovius et al., 2008] and 
large channel depressions in the Chryse basin [Carr, 1978; Wilson and Head, 2004; Ghatan et al., 
2005] [Carr and Head, 2010].  
 
The Amazonian period is the longest period of about 3 billon years. The prime features formed 
during this period were tectonism, impact craters and volcanism, all on a small scale. The low 
erosion and weather rates from the late Hesperian continued into the Amazonian. The affects of 
ice and wind were the most prominent during this era. The outflow channel era was over at the 
end of the Hesperian. Younger channels have been identified during the Amazonian with the 
most prominent being in the Athabasca, Grojota, Rahway and Marte Valles [Carr and Head, 
2010]. Some valley networks are hypothesized to have formed from the melting of ice deposits 
[Costard et al., 2002]. Gullies are the most common fluvial feature to be formed during this 
period. They usually consist of an alcove that tapers downslope to form a channel that then 
terminates into a depositional fan [Malin and Edgett, 2001]. They extend from a few meters to 







Figure 3: An outline of the geologic timescale of Mars with the various geological processes. 
The valley networks are represented in light blue during the Noachian, Hesperian and 
Amazonian. The outflow channels are represented as dark blue during the Hesperian and 




Majority of the evidence of liquid water on Mars comes from the desiccation of the heavily 
catered terrains [Carr and Clow, 1981; Baker et al., 2015]. Through geological evidence of 
fluvial dissection (Figure 2), lacustrine features and outflow channels, it is apparent that Mars’ 
climate was drastically different than present day [Baker et al., 1991]. Mariner 6 and 7 were the 
first spacecrafts to capture images of the valleys and channel networks on Mars [Schultz and 
Ingerson, 1973; Baker et al., 2015]. The landforms on Mars provide compelling evidence on the 
past existence of water on the planet.  
 
 
Figure 4: Nirgal Vallis is one evidence of a fluvial geological landform that resulted from 
intense outburst flooding on Mars. Image credit: NASA/THEMIS 2001. 
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Figure 5: Image of delta in Holden NE Crater showing transport, erosion and deposition of 
sediments, all indicative of fluvial geomorphology (MOC2-1225a: MOC image mosaic of 




Valleys on Mars indicate large-scale cataclysmic flooding from the evidence of large-scale 
fluvial erosion on the walls and floors of the valleys [Baker et al., 2015]. Examples of sinuous 
channels, such as Nirgal Vallis in Figure 4, on Mars comply with the theory of intense outburst 
of flooding that lead to the formation of outflow channels [Milton, 1973; Milton and Baker, 
1974; Sharp and Malin, 1975; Malin and Edgett, 2003].  
 
Another significant fluvial geologic landform on Mars is the Holden NE Crater, Figure 5. This 
distributary fan is composed of layered sedimentary rocks with evidence of cross-cutting ridges. 
This fan indicates transport, erosion and deposition which are all results of flowing liquid water 
[Malin and Edgett, 2003]. 
 
Present Water on Mars 
Valleys, fans and outflow channels are landforms that suggest water from ancient Mars. 
Landforms such as gullies and recurring slope lineae imply the presence of present day liquid 
water on Mars. The discovery of gullies from Malin and Edgett in 2000 began a debate over the 
history of liquid water of Mars. With the martian atmospheric pressure at 6.1 mbar and the 
average global temperature below 273 K, water should not be stable at the surface because under 
these conditions the surface is below the triple-point of water. Even with these universal terms, 
scientists believed that flowing water formed martian gullies. A main reason for this is that 
martian gullies are closely related to terrestrial gullies which form from fluvial and hillslope 




Figure 6: A map of gullies global distribution on Mars. The different colors indicate the 
orientation of the gullies. Purple for gullies with no preference, red for equator-facing,  yellow 
for east/west facing and blue for pole facing from Harrison et al, 2014. The black points are from 
a study of 866 gully-like formations from Auld and Dixon, 2014. Image credit Rummel et al., 
2014. 
 
Gullies, like recurring slope lineae, are still under debate with respect to their formational 
process. Whether it be from shallow ground water aquifers [Malin and Edgett., 2000b], melting 
of snowpack [Christensen, 2003; Dickson et al., 2007; Williams et al., 2009; Hauber et al., 2011; 
Jouannic et al., 2014] or ice [Costard et al., 2002] or other dry processes, the confirmed 
formation of gullies is still unknown [Rummel et al., 2014]. Even though classic gullies are most 
abundant in the middle latitudes, between 31° and 51 °S, they are found at all latitudes as seen in 
Figure 6 [Auld and Dixon, 2014]. They are estimated to have formed most recently in the last 
million years [Reiss et al., 2004; Schon et al., 2009; Bryson et al., 2010; Conway et al., 2015]. 
 
 11 
Recurring slope lineae are found in more localized regions on Mars (Chryse and Adidalia 
Planitiae, Valles Marineris, equatorial highlands and southern mid-latitude) as represented in 
Figure 7 [Stillman et al., 2016]. Valles Marineris is the site where some of the largest RSL occur 
[McEwen et al., 2013]. Majority of RSL are found within the southern mid latitudes. In Figure 7 
the colors of confirmed and candidate RSL are represented with the Venn diagram in Figure 7b 
[Stillman et al., 2016]. RSL are a recent discovery with a formation process that is still in debate.  
 
 
Figure 7: A map of confirmed and candidate RSL on Mars. The top map (a) is a color-coded 
elevation from the Mars Orbiter Laser Altimeter (MOLA) instrument on the Mars Global 
Surveyor (MGS) and the bottom (b) the albedo captured from the Thermal Emission 
Spectrometer on the MGS. Image credit: Stillman et al., 2016. 
 
McEwen et al., (2013) identified smaller scaled gullies that are associated with RSL. They are    
1 – 20 m wide gullies that are more comparable to terrestrial gullies than the larger classic 
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martian gullies. Since these gullies are found with RSL, they are located in different regions on 
Mars than the large-scale gullies. Due to this observation, they require a different formation 





Figure 8: Images showing the evidence seasonality characteristics of RSL as the seasons change 
on the SW slope of Rauna crater (35.26 N, 327.928 E). Image credit: Stillman et al., 2016 
 
There is a variety of flow hypotheses suggested in literature for the creation of recurring slope 
lineae. Most formation theories involve the flowing of a liquid, however a dry process cannot be 
excluded [Dundas et al., 2015]. Dry granular flows and rock falls are one of the suggested dry 
processes based on possible fractured rocks by thermal cycling [Viles et al., 2010; McEwen et 
al., 2011]. Another theory is that at high temperatures, adsorbed water is released causing grains 
to get sticky and results in dry mass wasting [McEwen et al., 2011]. This theory could explain 
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the seasonality (Figure 8) but not the reason of location and abundance of RSL. The richness of 
CO2 on Mars leads to the theory of CO2 sublimation that supports their latitudinal preference and 
fading in the winter.  
 
Pure liquid water has been suggested, but the ice would sublimate and would therefore dry out 
these features and the temperatures are below the freezing temperature of pure water [McEwen et 
al., 2011; Masse et al., 2016]. Dissolved salts in the liquid water within the subsurface are 
suggested to be the origin of the formation of RSL. The dissolved salty water, brines, reduce the 
freezing point of water [Dundas et al., 2015]. Brines have even been suggested to be stable in 
certain equatorial locations on Mars through laboratory work [Gough et al., 2011; Nuding et al., 
2014; Dundas et al., 2015]. 
 
Recent studies by Martin-Torres et al., (2015) and Masse et al., (2016) investigate the stability of 
brines under martian conditions. Masse et al., used laboratory simulations to explore the effects 
of melting two different compositions of ice: MgSO4 brine solution and pure water. These 
experiments demonstrated fluid propagation and sediment transport under martian pressure and 
temperature (9 mbar at 293 K) and terrestrial pressure (1 bar at 293K) for comparison. During 
the martian condition experiments, the liquid evaporated in the form of boiling. Figure 9 shows 







Figure 9: The resulting morphologies of experimental flow simulations with pure water and a 
brine solution under terrestrial and martian conditions. The terrestrial experiments were 
preformed at 1 bar, 293 K with (a) frozen water and (b) frozen brine and martian experiments at 




Of the all the formation hypotheses, brine-rich fluids are the most likely process to create RSL. 
The important factor that brines possess that the other hypotheses do not are seasonality, 
appearing in the warmer months and fading in the colder months annually [McEwen et al., 2013; 
McEwen et al., 2011; Chevrier and Rivera-Valentin, 2012; McEwen et al., 2013; Dundas et al., 
2015]. Also, pure-water in such small quantities would not be stable on the surface of Mars 
[Chevrier and Rivera-Valentin, 2012]. However, Coleman et al., (2009) suggested that pure 
liquid water is likely possible to be present in the martian regolith in extensive areas for 
considerable portions of the year. There is also evidence of liquid water in the past [Baker, 1981, 
2006; Benison, 2006; Wang et al., 2006; Coleman et al., 2009] and the present [Haberle et al., 
2001; Hecht, 2002; Coleman et al., 2009].  
 
Salt has been identified in the sedimentary rocks and martian regolith, which would indicate the 
probability of brines [Squyres et al., 2004; Gendrin et al., 2005; Wang et al., 2006; Chevrier and 
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Rivera-Valentin, 2012]. Having salt present within the solution would lower the freezing point of 
the fluid, which would allow RSL to become active in the subsurface during the spring and 
summer months (Figure 1). The warm summer temperature would exceed the eutectic 
temperature of salt water melting the frozen brine underneath the surface. This process would 
create a wet slope streak that is seen as an RSL.  
 
RSL vs. Gullies 
 
RSL appear and lengthen annually during the warmer months and fade during the colder months 
on Mars. They are seen as dark and narrow (0.5 to 5 meter wide) markings emerging downslope 
from bedrock outcrops on steep slopes on the martian surface [McEwen et al., 2011]. These 
features are recurring annually in the same locations in localized regions on Mars where the 
planet is the warmest during the spring to summer months [McEwen et al., 2013]. 
 
Martian gullies are similar to those found on Earth by their shape, size and characteristics as 
shown by gullies formed in Meteor Crater, Arizona, USA in Figure 10. However, their formation 
and modification processes are still unknown as well as whether or not they are active today 
[Baker et al., 2015]. Malin and Edgett, (2000b) first discovered gullies from images taken by the 
Mars Orbital Camera (MOC) on board the Mars Global Surveyor (MGS). The Mars Science 
Laboratory (MSL) on the Curiosity rover was the first to arrive at the active slope on Mt. Sharp 
at Gale crater in August 2012. MSL potentially found perchlorates at this spot on Gale crater. 
The presence of these salts indicates a decrease in the freezing point of water, which could lead 

















Figure 10: Gully formations inside a crater rim on Mars (top) and Earth (bottom) have similar 
features. Top image credit from Baker et al., 2015 and bottom image from Meteor Crater, AZ, 
USA, Image credit: Heydenreich, J. A. 
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The literature suggests various theories for classic gully formation processes ranging from dry 
mass wasting, debris flows and seasonal flows [Baker et al., 2015]. The fluid processes include 
groundwater liquid flows from near-surface aquifers [Malin and Edgett, 2000b; Baker et al., 
2015], wet debris flows [Costard et al., 2002; Dickson and Head, 2009; Williams et al., 2009a; 
Heldmann et al., 2010; Mangold et al., 2010; Schon and Head, 2011; Baker et al., 2015] or from 
atmospheric sources [Costard et al., 2002; Hecht, 2002; Christensen, 2003; Dickson et al., 2007; 
Williams et al., 2009b]. A characteristic that classic gullies lack, and which RSL contain, is the 
recurring aspect of these features [Chevrier and Rivera-Valentin, 2012]. However, all of these 
formation processes could form these fluvial features on Mars. As stated previously, the 
formation of associated RSL gullies most likely do not adhere to the formation of classic gullies 
mainly due to the regions on where these features are found Mars, their size and their association 
with RSL. 
 
These simulated experiments will help inform the effects of pure water and a brine solution for 
comparison of fluid solutions that help form RSL. By altering the slope angles, we can observe 
the various flow morphologies that form at lower versus higher slopes. These morphologies can 
lead to a better understanding of the formation process of associated gullies with RSL. Lastly, 
testing the environmental conditions of room temperature and cold temperature (-20 °C) provides 












Recurring slope lineae experimental simulations were conducted to understand the controlling 
conditions under which RSL form by examining their morphologies. These experiments were 
completed by running separate trials at varying slope angles, temperatures and solution 
characteristics in a flume. The solvents were poured through tubing that exited beneath the 
subsurface of the regolith to simulate subsurface flows on Mars. The solutions poured through 
the tubing saturated the regolith and did not escape the flume. The saturated regolith was 
removed and replaced with dry regolith after each run. The resulting morphologies were 
compared with each other and those seen on Mars.  
 
Flume Design 
In order to simulate RSL on the martian surface, experiments were performed in wooden flume. 
The flume was constructed out of plywood with dimensions of 0.70 m x 0.38 m x 0.05 m. The 
floor of the flume had an epoxy sealant to prevent damage to the wood during experiments. A  
10 cm copper pipe with a 0.5 cm diameter was glued through the smaller edge of the wooden 






For each run, 8.0 kg of JSC Mars-1 was weighed and added into the wooden flume. The bulk 
density of the regolith inside the flume was approximately 1.02±0.02 g/cm3. The regolith used in 
all the experiments was martian regolith simulant, JSC Mars-1. It is a yellow-brown glassy 
volcanic ash from the Pu’u Nene cinder cone on the Island of Hawaii. JSC Mars-1 serves as the 
best simulant due to it is similar characteristics with martian regolith such as spectra, chemical 
composition, mineralogy, grain size and magnetic properties [Allen et al., 1997]. 
 
Figure 11: A sketch of the 0.70 m x 0.38 m x 0.05 m wooden flume set up for the type II 
experiments. The slope was adjusted by altering the height of the cooper tube side (right side) of 
the flume 
 
Once the JSC Mars-1 was added to the flume, it was leveled by hand and with a straight edge to 




against all slopes and environments. The input entrance of the flume consisted of a copper pipe 
centered at the top of the flume, which lies about one cm underneath the surface of the regolith 
simulant (Figure 11). Two types of experiments were run, designated as type I and type II 
experiments. Type I experiments were run at a control flow rate, where type II experiments were 
run with a constant volume of fluid. 
 
Type I Experiments 
The type I experiments were conducted at room temperature at slopes of 12, 15, 18, 25 and 30 
degrees by using a water source situated atop a ladder and connected to the flume using 5 mm 
diameter polyethylene tubing (Figure 12). This method was used to simulate the introduction of 
subsurface flows of RSL and other flow features seen on Mars. The tubing was connected to a 
water flow regulator and the flow was maintained at ~8 mL/s for each run at 15 and 25 seconds 
depending on the slope. The lower slopes, 12, 15 and 18 degrees, had a duration of 25 seconds 
and the higher slopes, 25 and 30 degrees, had a duration of 15 seconds due to the size constraint 
of the flume. The results for all runs in these experiments were scaled to 15 seconds.  
 
Type II Experiments 
For the type II experiments, the water source was introduced by flowing 100 mL of fluid solution 
through a glass funnel and 5 mm diameter polyethylene tubing connected to the copper pipe in 
the flume (Figure 11). The flume was set to the desired height in order to achieve slopes of 10, 
20 and 30 degrees as shown in Figure 13 and Figure 14. To achieve a slope of 10 degrees, the 
copper pipe end of the flume was set at a height of 1.38 m. For 20 degree slope the height was 




























Figure 12: The type I experiment set up in ambient temperature. The bucket situated on top of 
the ladder was the water source. Tubing connected the water source to a flow meter that was set 




Figure 13: The flume setup for type II experiments in ambient temperature at a 20 degree angle. 
The polyethylene tubing connects the glass funnel to the copper pipe entrance of the flume. The 
copper pipe is situated about a cm below the surface of the JSC Mars-1 regolith (pictured above 
in the flume). This setup was used to flow 100 mL of pure water and salt saturated solution 










Figure 14: The flume setup for type II experiments in ambient temperature at a 30 degree angle. 
The scale on the left was used to measure the 8 kg of JSC Mars-1, regolith simulant, added to the 
flume is on the left. 
 
 
Cold Temperature Experiments 
The cold room experiments were conducted in a freezer maintained at -20 °C (253 K). The 
experiments performed in cold room used the same techniques as the room temperature 
experiments at the same slopes, solution volume and regolith type. The flume filled with JSC 
Mars-1 regolith simulant was held in the 4 °C (269 K) in an exterior freezer overnight to adjust 
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to the colder temperatures. The flume, solution, funnel and tubing were introduced to the -20 °C 
temperature at the start of every experiment.  
  
Brine Experiments  
After the completing type II room temperature and cold temperature experiments using pure 
water, a salt solution was introduced. A salt solution was used to give a more direct comparison 
to the brine subsurface flows suggested to be triggering RSL [McEwen et al., 2011; Chevrier and 
Rivera-Valentin, 2012]. The salt solution was made by adding 357 g of NaCl to 1 L of pure 
water. The 1 L of solution made was used in both the room temperature and cold room 
experiments. The 20 degree slope was chosen because it best represented the slopes on which 
RSL form. The experiments were replicated in room temperature and the -20 °C freezer but with 
100 mL concentrated salt solution instead of pure water.   
 
Total Runs  
 Five runs were conducted at each slope of 10, 20 and 30 degrees in the room temperature, cold 
temperature and salt solution experiments, which sums to 40 total runs. When including the type 
I experiments at 12, 15, 18, 25 and 30 degrees in room temperature with the flow rate method, 
there were a total of 80 runs. At the end of each run the flows were photographed and all channel 
attributes were measured and recorded. The attributes originally included only the alcove length, 









The main attributes associated with most gully and RSL formations are; an alcove, an expressed 
channel and a depositional fan or apron [Baker et al., 2015]. The alcove, the location at which 
the fluid emerges from, is designated as where the water exits the copper pipe and creates a 
depression in the regolith. The channel length was measured from the end of the alcove to the 
approximate beginning of the depositional fan (apron). The apron is where the liquid terminates 
and was measured from the base of the channel to the terminus branch of the depositional fan. 
 
In the type II experiments two other channel attributes were added for comparison, maximum 
width and maximum height or elevation. The maximum width was measured by the distance 
from the outer saturation zone from one bank of the channel to the other at maximum width 
along the channel. Once the experiments began, another channel attribute was added from 
observations. The maximum height was measured at the terminal lobe in the depositional fan of 
each run. Other fluvial geomorphic features were recorded such as natural levees, apron and 
channel characteristics and hummocky terrains. Since water is suggested to emerge from bedrock 
[McEwen et al., 2011], alcoves are associated with gullies on Mars [Malin and Edgett, 2000b; 
Baker et al., 2015]. However, they were measured during these experiments to directly compare 
RSL to classic gullies and other flow formations. 
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Figure 15: The main channel attributes: alcove, apron, channel length and total length. The 
maximum width was measured by finding the location around the alcove with the greatest 
distance in the saturation zone parallel from either side of the channel walls. The maximum 













Type I Experiments 
 
Figure 16: All averaged values for the channel attributes with the results adjusted to comply 
with the shorter run time for the higher slopes. There is an obvious and significant increase in 
total length and apron length from the lower slopes to the higher slopes. The data also shows the 
maximum width significantly decreased from lower slopes to higher slopes. The alcove length 
remained generally consistent throughout the experiments. 
 
Type I experiment results for the lower slopes total lengths, on average, were 42.3±4.7 cm at 12 
degrees, 36.6±9.1 cm at 15 degrees and 37.4±6.1 cm at 18 degrees. The channel lengths 
averaged to 12.9±1.6 cm at 12 degrees, 15.8±7.8 cm at 15 degrees and 10.9±4.7 cm at 18 
degrees. Alcove lengths ranged from an average of 3.2±0.4 cm at 12 degrees, 2.4±0.6 cm at 15 
degrees and 2.4±0.7 cm at 18 degrees for the lower slopes. The apron lengths ranged from 
20.7±4.3 cm at 12 degrees, 17.2±5.8 cm at 15 degrees and 19.2±3.7 cm at 18 degrees. The type I 

























60.0±9.5 cm at 30 degrees. The alcove lengths ranged from 3.46±0.6 cm at 25 degrees and 
3.0±0.4 cm at 30 degrees. The apron had a range of lengths from 39.9±7.4 cm at 25 degrees and 
38±7.8 cm at 30 degrees. The maximum widths ranged from 10.2±1.4 cm at 15 degrees, 8.9±0.5 
cm at 18 degrees, 4.5±0.8 cm at 25 degrees and 4.1±1.3 cm at 30 degrees. 
 
 
Figure 17: This graph represents the results of the main channel attributes measured in the type I 
experiments. Each attribute has a polynomial line of best fit to illustrate the results.   
 
y = 0.0727x2 - 1.7141x + 48.951 y = 0.0185x + 2.4953 
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Apron Length Channel Length 
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Table 1: Average values for the various channel attributes from the type I experiments. The 
maximum width attribute was added after the 12 degree slope runs. The experiment was split 
into lower slopes versus higher slopes to determine any significant alterations in channel features 













The total lengths increased with increasing slopes. The channel lengths displayed high 
variability. The apron lengths generally increased with increasing slopes. The alcove lengths 
remained relatively consistent throughout all the experiments. The results of the main attributes 
are represented in Figure 17. The results of runs at a high and low slopes, which allow for direct 
comparison of the channel attributes and features are seen in Figure 18. The higher slope, Figure 
18a produced a longer channel than the lower slope, Figure 18b. The defined fluvial features of 
levees and diverging lobes are apparent in Figure 18a. In Figure 18b, the channel demonstrations 
that lower slopes do produce more simple channel features than the higher slopes.  
 
 Lower Slopes Higher Slopes 
Slope (degrees) 12 15 18 25 30 
Alcove Length (cm) 3.2±0.4 2.4±0.6 2.4±0.7 3.46±0.6 3.0±0.4 
Total Length (cm) 42.3±4.7 36.6±9.1 37.4±6.1 58.3±11.5 60.0±9.5 
Apron Length (cm) 20.7±4.3 17.2±5.8 19.2±3.7 39.9±7.4 37.5±7.7 
Channel Length (cm) 12.9±1.6 15.8±7.8 10.9±4.7 18.4±6.6 22.4±9.5 
Maximum Width (cm) N/A 10.2±1.4 8.9±0.5 4.5±0.8 4.1±1.3 
Time Duration of Runs (s) 25 25 25 15 15 
Number of Trials 10 10 10 5 5 
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The alcove lengths for all the slopes did not differ very much throughout the experiments. There 
is a drastic difference in total length and apron length from the lower slopes (12, 15 and 18 
degrees) to the higher slopes (25 and 30 degrees) as represented in Figure 16 and the images of 
Figure 18.  
 
Although the lengths of the channel attributes did not change drastically, the widths of the stream 
channels decreased with increasing slope. The channel width was not measured for the type I 
experiments until after the first 12 degree slope runs. All the averaged values for the type I 
experiment measurements are represented in Table 1. A table of all the measurements within this 
experiment is available in Appendix A. The total run time for these experiments was decreased 
before running the higher slope trials. Due to the constraint of the flume size at the higher slopes, 
the run time was shortened by 10 seconds compared to the lower slopes. For the results, the 
lower slopes channel attributes were adjusted for the shorter run time.  
 
The lower slope angles did not produce a significant change between each slope angle. A three-
degree difference was not enough to accurately interpret the channel attribute differences. This is 
one reason why type II experiments were established. The type II experiments had a degree 
change of 10 degrees between each slope. However, for the type I experiments, the comparison 
in channel attributes and morphologies between the lower and higher slopes are justified with the 






Figure 18: Shown are two runs from the type I experiments. A is a higher slope and B is a lower 




Type II Experiments 
The results from the type II experiments show channels of varying lengths, along with aprons 
and alcoves as shown in Figure 19 for the cold temperature experiments and Figure 20 for room 
temperature experiments. The total lengths for the -20 °C cold room experiments were 34.6±5.7 
cm at 10 degrees, 44.5±10.4 cm at 20 degrees and 46.2±6.2 cm at 30 degrees. The total lengths 
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for the room temperature experiments were 24.6±5.5 cm at 10 degrees, 33.3±3.9 cm at 20 
degrees and 34.6±6.7 cm at 30 degrees. The channel lengths averaged from 21.1±9.9 cm at 10 
degrees, 18.1±8.6 cm at 20 degrees and 14.1±4.2 cm at 30 degrees for the cold room 
experiments. Channel lengths averaged from 19.8±5.3 cm  at 10 degrees, 18.4±4.8 cm at 20 
degrees and 25.4±11.2 cm at 30 degrees for the room temperature experiments.  Alcove lengths 
ranged from 3.9±0.7 cm at 10 degrees, 5.1±0.6 cm at 20 degrees and 4.3±0.7 cm at 30 degrees 
for the cold room experiments. Alcove lengths ranged from 3.6±0.4 cm at 10 degrees, 3.2±0.6 
cm at 20 degrees and 2.4±0.5 cm at 30 degrees for the room temperature experiments. 
 
The depositional fan creates an apron at the bottom of the RSL that ranged from lengths of 
22.5±5.6 cm at 10 degrees, 26.4±7.8 cm at 20 degrees and 32.1±5.8 cm at 30 degrees for the cold 
room experiments. The apron lengths at room temperature ranged from 11±6.1 cm at 10 degrees, 
14.9±4.4 cm at 20 degrees and 11.4±2.6 cm at 30 degrees. Some of runs did not produce 
depositional fans. This occurred because the shallow slopes, 10 degrees, are not angled high 
enough to create this fluvial feature. The maximum widths during the cold temperature 
experiments ranged from 9.0±0.8 cm at 10 degrees, 8.7±1.0 cm at 20 degrees and 7.6±1.2 cm at 
30 degrees. The room temperature maximum widths ranged from 9.4±0.9 cm at 10 degrees, 




Figure 19: This graph represents the results of the main channel attributes measured in the type 
II cold temperature experiments. Each attribute has a polynomial line of best fit to illustrate the 
results.   
 
 
y = -0.0409x2 + 2.215x + 16.54 y = 0.018x + 4.0667 
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Figure 20: This graph represents the results of the main channel attributes measured in the type 
II room temperature experiments. Each attribute has a polynomial line of best fit to illustrate the 
results.   
 
The maximum height, or the highest point on the terminal lobe of each channel, channel  
attribute was added after the 10 degree runs had begun. The maximum height or elevation ranged 
from 7.4±1.8 mm at 20 degrees and 9.8±1.8 mm at 30 degrees in the cold temperature 
experiments. The maximum height in the room temperature experiments ranged from 10.3±1.5 
y = -0.0168x2 + 0.968x + 20.64 y = -0.057x + 4.2133 
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Apron Length Room Channel Length Room 
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mm at 20 degrees and 13.2±2.6 mm at 30 degrees. A table of all average channel attributes is 
expressed in Table 2. 
 
The total lengths generally increased with increasing slopes. There was only a significant change 
between the same slopes but in different environments; room and cold temperature. The channel 
lengths produced results with high variability, similar to the type I experiments. The 30 degree 
slope had the highest variability in channel length. The alcove lengths remained relatively the 
same throughout all of the experiments. The alcove lengths do not play a major role in these 
experiments because they are not associated with RSL on Mars. The apron lengths increased 
with increasing slope in the -20 °C cold room. The longer formations produce more sediment 
transport, which lead to greater depositional fans. The apron lengths did not have a pattern in 
room temperature. The apron lengths in the cold temperature were significantly longer than in 
room temperature experiments. The averaged results of the channel attributes are represented in 
Figure 21.  
 
The maximum channel widths decreased with increasing slopes. The maximum width represents 
the saturation zone surrounding the channel. The widths decreasing with increasing slope 
suggests that there is greater downslope flow with the direction of the water versus horizontal 
perpendicular flow saturating the regolith as the liquid flows. The maximum elevation of the 
channels increased with increasing slope. This process is from more sediment and transport as 
the slope increased which is then deposited in the apron. The greater the slope means the longer 
the total length and the more sediment erosion and transport therefore the greater the deposition 





Figure 21: The measurements of the channel attributes from experiments conducted in a freezer 
cold room (-20 °C) and room temperature (21 °C) at 10, 20 and 30 degree slope angles with pure 
water. 
 
All of the forms produced in the cold room experiments had greater maximum widths compared 
to their slopes at room temperature except for at 10 degrees. The averaged maximum width at 10 
degrees room temperature was greater than 10 degrees cold temperature. It has been observed 
that channel widths decrease as slope increases [McEwen et al., 2011]. Narrower channels were 


























10° Slope Cold 
10° Slope Room 
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20° Slope Room 
30° Slope Cold 
30° Slope Room 
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slope and was also greater at room temperature compared to cold temperature. The cold 
temperature channel attributes were consistently greater than room temperature channels 
attribute except for the maximum width at 10 degree slope as expressed in Table 2.  
 
 
Table 2: Average values for the various channel attributes from the experiments. The maximum 
height attribute was added after the 10 degree slope runs. 
 
Another notable distinction between the higher and lower slopes are the variability in 
geomorphic features, in both the room and cold temperature. The lower slopes mainly produce 
more basic dendritic channels, an alcove, channel and sometimes a depositional fan. The higher 
slopes produce channels with more fluvial geomorphic characteristics. Natural levees, 
hummocky terrains and more diverging lobes from the channel are apparent in the higher 30 
 Cold (-20 °C) Experiments Room Experiments 
Slope (degrees) 10 20 30 10 20 30 
Alcove Length (cm) 3.9±0.7 5.1±0.6 4.3±0.7 3.6±0.4 3.2±0.6 2.4±0.5 
Total Length (cm) 34.6±5.7 44.5±10.4 46.2±6.2 24.6±5.5 33.3±3.9 34.6±6.7 
Apron Length (cm) 22.5±5.6 26.4±7.8 32.1±5.8 11±6.1 14.9±4.4 11.4±2.6 
Channel Length 
(cm) 
21.1±9.9 18.1±8.6 14.1±4.2 19.8±5.3 18.4±4.8 25.4±11.2 
Maximum Width 
(cm) 
9.0±0.8 8.7±1.0 7.6±1.2 9.4±0.9 7.9±1.1 6.1±0.7 
Maximum Height 
(mm) 
N/A 7.4±1.8 9.8±1.8 N/A 10.3±1.5 13.2±2.6 
Number of Trials 5 5 5 5 5 5 
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degree slopes as seen in Figure 22.  Some of these features were present during the lower slope 
results but on a much smaller scale. 
 
The effects of temperature had a major influence in the channel features. The channel and apron 
lengths were significantly longer in the colder -20 °C temperatures as seen in the data present 
Table 2. In Figure 22, the difference in temperature and slope is obvious from the alteration in 
length and fluvial characteristics. The lower slopes, Figure 22a and Figure 22b, produced small 
mostly linear channels were produced with wide saturation zones. The higher slopes, Figure 22c 
and Figure 22d produced longer channels with more narrow saturation zones. The geomorphic 
features as discussed previously are very apparent in these higher slope images. Distinct lateral 
levees formed on either side of the channel. Branches diverge from the main channel that result 
in deposited lobes. The depressions, shadows, in the channels represent the hummocky terrain. 
When comparing the room temperature (Figure 22a and Figure 22c) channel features to the cold 
temperature features (Figure 22b and Figure 22d), the most obvious distinctions are the increased 
length and the more pronounced geomorphic features.  
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Figure 22: Lower slopes (A) and (B) produced channels more closely related to RSL formations. 
Higher slopes (C) and (D) produced channels with greater variability in features such as 
diverging lobes and natural levees commonly associated with classic gullies. Cold temperatures 
consistently produced longer channels (B) and (D). 
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Brine Experiments 
The salt saturated (H2O + NaCl) experiments at 20 degree slopes produced similar features as the 
cold and room temperature pure water solution experiments but averaged longer lengths. The 
average total lengths were in 52.5±5.7 cm in the cold temperature and 45.4±4 cm in room 
temperature. The channel lengths ranged from 32.3±13.1 cm in the cold temperature and 
21.8±6.0 cm in room temperature. The apron lengths average were 25.3±6.4 cm in the cold 
temperature and 23.6±6.6 cm in room temperature. The alcove averages were 2.4±0.2 cm in the 
cold temperature and 2.8±0.4 cm in room temperature. The maximum widths did not have a 
significant change with an average of 6.7±0.3 cm in the cold temperature and 6.5±0.7 cm in 
room temperature. The maximum elevation increased with decreasing temperatures with 10±1.0 
mm in the cold room and 7.8±2.2 mm in room temperature. A table of all average channel 
attributes is expressed in Table 3.  
 
The experiments were conducted with brine solution to comply with Ojha et al., (2015) detection 
of hydrated salts during the RSL active period and the formation theory of brine-rich subsurface 
flows [Gough et al., 2011; McEwen et al., 2011; Balme et al., 2013; McEwen et al., 2013; 
Nuding et al., 2014; Dundas et al., 2015]. They produced results similar to the previous 
experiments in terms of fluvial features. Since these runs were conducted at a 20 degree slope, 
there were some geomorphic features such as diverging branches and natural levees as seen in 
Figure 22.  
 
The addition of NaCl lowered the freezing point of the water, which allowed the channels to 
flow for longer distances, especially in the cold room (Figure 23). The 20 degree cold room brine 
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solution produced longer channels than 30 degree slope experiments. The maximum width 
decreased with addition of NaCl, which proves again that there was more downslope flow versus 
horizontal saturated flow. The maximum elevation was the highest at room temperature because 
the regolith was not frozen, therefore there was greater fluvial erosion that was then deposited at 
the base of the apron. 
 
 
Figure 23: The 20 degree slope experiments recreated in a freezer cold room (-20 °C) and room 



























20° Slope Cold 
20° Slope Room 
20° Slope Cold NaCl 
20° Slope Room NaCl 
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Table 3: Average values for the various channel attributes from the brine experiment	
 
The channels with the brine solution produced longer channel attributes than those with pure 
water. The channels produced with brine at lower temperatures produced the greatest total 
lengths in all the experiments as seen in Figure 24. The channel length again had high variability, 
especially with the brine-rich solution. The maximum width decreased with the addition of NaCl 
to the water solution. The maximum elevation stayed relatively constant throughout the brine 




 Pure water Brine 
Slope (degrees) 20 20 20 20 
Temperature (°C) -20 21 -20 21 
Alcove Length (cm) 5.1±0.6 3.2±0.6 2.4±0.2 2.8±0.4 
Channel Length (cm) 44.5±10.4 33.3±3.9 52.5±5.7 45.4±4 
Apron Length (cm) 26.4±7.8 14.9±4.4 25.3±6.4 23.6±6.6 
Channel Length (cm) 18.1±8.6 18.4±4.8 32.3±13.1 21.8±6.0 
Maximum Width (cm) 8.7±1.0 7.9±1.1 6.7±0.3 6.5±0.7 
Maximum Height (mm) 7.4±1.8 10.3±1.5 10±1.0 7.8±2.2 




Figure 24: The runs represent (A) cold temperature, pure water, (B) cold temperature, brine 
water, (C) room temperature, pure water and (D) room temperature, brine water. The cold room 
temperature experiments (A) and (B) produced longer channel attributes than room temperature. 







Experimental simulations have been proved to be useful replicating these flow formation features 
on Mars. Simulations can provide better detail of the formation mechanisms of RSL by 
controlling different properties of them. Our simulations deliver a greater understanding of the 
formation processes of RSL and other flow formation features on Mars.  
 
Type I Experiments 
Low Slopes (12, 15 and 18 degrees) 
The 12 degree slope produced the longest averaged channel attributes of all the type I lower 
slope experiments. The shortest averaged channel attributes were produced at the 15 degree 
slopes. The channel widths were the greatest at lower slopes. The maximum width is associated 
with the saturation zone surrounding the channel. The smaller the maximum width, the less the 
liquid is flowing horizontal percolating the surrounding regolith.  The channel length produced 




Figure 25: Comparison of martian RSL to simulations. (A) RSL HiRISE image: 
ESP_022689_1380, center coordinates: 41.6° S, 202.3° E. Image credit Masse et al., 2016).  
(B) The simulated flow of pure water at 10 degree slope in the cold room (-20 °C) demonstrates 
similar characteristics of martian RSL. 
 
High Slopes (25 and 30 degrees) 
The higher slopes produced total lengths and aprons that were significantly longer than the lower 
slopes. The increased angle allowed for the liquid to flow further down the flume. The channel 
lengths were greater than those at the lower slopes and increased with increasing slope. The 
averaged apron length was the longest at 25 degree slope (Figure 16), just barely above the 
average highest sloped average. Again, due to the fact that there was only a 5 degree difference 
in the higher slopes, one cannot accurately interpret the difference in apron length.  The 
maximum widths were less at highest slopes. Again, the increased angle of the slope allowed for 





Figure 26: Comparison of martian gullies to simulations. (A) Gully (HiRISE image: 
ESP_027567_1425, center coordinates: 37.4° S, 229° E). Image credit Masse et al., 2016). 
 (B) The simulated flow of pure water at 30 degree slope in the cold room (-20° C) demonstrates 
similar characteristics of martian and terrestrial gullies. 
 
 
The main distinction between the higher and lower slope experiments are the variability in 
features. The lower slopes produced more simple, dendritic channels that more closely resemble 
RSL features. Even though the recurring aspect of RSL were not simulated in these experiments, 
the resulting features are similar as seen in Figure 25. The higher slopes had more features that 





Type II Experiments 
The subsurface flows at 10 degrees produced the most simple flow features. Therefore at lower 
slopes resulting features more closely related to RSL formations. RSL are defined as dark, long 
and linear features that flow downslope that do not express distinct features and appear annually 
on the martian surface during the warmer months [McEwen et al., 2011; McEwen et al., 2013; 
Levy, 2014]. Figure 25 shows a comparison in the similar features of these two formations, one 
from the simulated lab experiments and one from the martian surface.  
 
The higher slope angles produced more geomorphic features as shown in Figure 22. These 
features of natural levees, hummocky terrains, diverging lobes, etc. represent the alteration of the 
flow features as the slope increases. The higher slope run results represent the geomorphic 
features of gullies rather than RSL, similar to the type I experiments. Their variety in features, 
channel flow direction and distinct morphologies closely relate to the geomorphology of gullies 
on Mars and Earth (Figure 26). Martian gullies are defined as landforms that have an alcove to 
represent the source, channels and a depositional apron, which indicate fluid movement 
processes [Malin and Edgett, 2000b]. 
 
Jouannic et al., (2015) identified gullies in the French Alps to compare to those on Mars. V-
shaped and U-shaped channels are identified with lateral levees on either side [Jouannic et al., 
2015]. Lateral levees are one of the main features noticeable in the greater slope flow formations 
from our simulations These U-shaped gully formations appear to be the most similar to our 
simulated experiments than the V-shaped gullies. However, Jouannic et al., (2015) compared 
these terrestrial gullies to the classic martian gullies and not the associated gullies RSL. McEwen 
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et al., (2013) stated that the associated gullies are on a smaller scale but never indicated that they 
would not produce the same geomorphic features. As mentioned previously the formation of the 
associated gullies is still unclear but the resulting features are still similar to the classic gullies, 
martian and terrestrial.  
 
Cold Temperature Experiments 
There is a distinction in formation characteristics between the cold room and room temperature 
experiments (Figure 24). This colder temperature is comparable to those on Mars at >250 K to 
>273 K [Dundas and McEwen, 2015; Stillman et al., 2014] during the summer months in which 
RSL appear. In the cold room experiments, total, alcove and apron lengths all tend to be longer 
than those associated with the room temperature experiments. The channels of the cold room 
flow formations are also generally wider than those of the room temperature experiments. 
However, the heights of the terminal lobes are higher in the room temperature environment than 
the cold room environment. The colder environment created a frozen surface to subsurface layer 
of JSC Mars-1. This results in a hybrid process that combines the wet and dry mechanisms 
[Masse et al., 2016]. This allowed the liquid to flow more easily. This is confirmed from the 




The brine experiments were simulated under the influence of reproducing what Möhlmann and 
Thomsen, (2011) called cyrobrines that lower the freezing point of liquid water. Cyrobrines, 
what was simulated in the cold room with the brine-rich solution, are formed from grain-wetting 
 49 
of subsurface flows [Balme et al., 2013]. This same mechanism is used when modeling the 
groundwater flows of the water tracks of the slopes in Antarctica, the terrestrial analogue of RSL 
[Levy, 2012; Balme et al., 2013]. The water tracks produced are similar to the simple formations 
we simulated at lower slopes 
 
The flow features formed at room temperature (21 °C) most closely resemble RSL at lower 
slopes and gullies at higher slopes (Figure 18). The flow features formed under martian 
temperatures (-20 °C) resemble those at room temperature but with greater lengths and narrower 
saturation zones (Figure 22). The brine-rich flow features produced channels with greater lengths 
and narrower saturation zones than the cold temperature experiments (Figure 24). Therefore, the 
slope angle affects the distinct channel morphologies and the temperature and fluid salinity 
determine the flow lengths and features associated with these formations. Future work on the 
pressure of water released from the copper pipe would be beneficial to enhance the 











Length to Width Ratio 
Another factor that was taken into consideration was the ratio of total length versus channel 
width (L:W) as seen in Figure 27 for the pure water experiments and Figure 28 for the brine 
solution experiments.  
 
 
Figure 27: The total length to maximum width ratio (L:W) from the pure water experiments to 
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Figure 28: The total length to maximum width ratio (L:W) from the brine solution experiments 
to directly compare simulated RSL to martian RSL. 
 
RSL on Mars are measured in the kilometer range whereas the simulated RSL are a tens of 
centimeters long. RSL are tens of meters to hundreds meters long and a few meters wide [Levy, 
2014; Dundas and McEwen, 2015]. This L:W calculation allows for future direct comparisons 
from simulated RSL to RSL on Mars. These simulated experiments L:W ratios range from 3.1 to 
7.8. A direct determination of simulated RSL to martian RSL were not made. However, a recent 
study by Howe (2012) explored dark streak experimental L:W ratios that corresponded to a 
sample of L:W ratios on Mars. The simulated dark streaks produced L:W ratios that ranged from 
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Implications for Mars 
The evidence of a liquid water formation process indicated a large scale of liquid water in the 
subsurface, specifically around the areas where RSL and gullies form. The lower slopes, those 
that more closely resemble RSL, provide a better habitat for organisms or detritus because they 
are less likely to be flushed out from erosion [Stillman et al., 2014]. Therefore, the base of RSL 























Simulation experiments provide benefit by comparing and evaluating geologic features of 
another planet. Although the martian atmosphere and gravity could not be replicated during the 
simulation, other variables were represented. Whether pure water or brines form RSL, these 
simulations used both to meet the requirements of various formation hypotheses. The regolith 
used for these simulations closely relates to the regolith on Mars in spectra, chemical 
composition, mineralogy, grain size and magnetic properties. The martian summer temperatures, 
when RSL are active, were achieved during these experiments. They were also compared to an 
Earth temperature (room temperature). These Earth analogous and simulation experiments are 
useful for testing morphology concepts, particularly ones formed by running water. The 
observations that we made are based off of the morphology evolution and formation processes 
identified during these experiments.  
 
Introducing the experiments into colder temperatures altered the channel attributes resulting in 
longer total channel and apron lengths. Saturated salt solutions, like the brine subsurface flows, 
increased the total channel and apron lengths even more in the cold environment. In both the 
type I and type II experiments the lower slopes related more closely to RSL based on their 
simple fluvial geomorphology. The higher slopes in both experiments produced channels with 
more distinct morphologies associated with fluvial erosion that are more similar to classic 
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gullies, martian and terrestrial. These features could explain the formation of the recently 
discovered associated gullies with RSL. 
 
There are various formation hypotheses suggested in the literature for RSL. Subsurface brines 
are the most likely of all the proposed methods due to the RSL characteristics such as 
seasonality, lower albedo and mineralogy of the regolith. These experiments provide a base to 
compare simulated and martian flow features. The similarities of the geomorphic features 
between the experimental simulation RSL and the martian RSL are strong enough that the 
subsurface brine flows should be considered for the main formation of RSL, classic gullies, 
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1 12 25 3.8 26.22 12.48 13.74 - - 
2 12 25 3.3 29.46 17.94 11.52 - - 
3 12 25 3 25.68 11.22 14.46 - - 
4 12 25 3.1 27.48 15 12.48 - - 
5 12 25 2.85 25.2 11.4 13.8 - - 
6 12 25 3.8 22.98 10.98 12 - - 
7 12 25 2.6 26.34 10.56 15.78 - - 
8 12 25 3.2 19.32 9.3 10.02 - - 
9 12 25 3.2 23.88 11.22 12.66 - - 
10 12 25 3.1 27.24 14.28 12.96 - - 
11 15 25 2.7 26.58 17.04 9.54 - - 
12 15 25 2.1 11.4 9.12 2.28 - - 
13 15 25 2.5 18.6 - 18.6 9.4 
0.505376
344 
14 15 25 1.5 15.18 10.86 4.32 11.5 
0.757575
758 
15 15 25 2.5 22.56 - 22.56 11.2 
0.496453
901 
16 15 25 3.6 24 8.7 15.3 12.2 
0.508333
333 
17 15 25 2.2 24.6 - 24.6 9.4 
0.382113
821 
18 15 25 2.3 21.36 - 21.36 10.4 
0.486891
386 
19 15 25 2.8 28.2 8.4 19.8 8.2 
0.290780
142 
20 15 25 1.7 27.18 7.62 19.56 9.2 
0.338484
18 
21 18 25 3.3 22.92 10.32 12.6 9.1 
0.397033
159 
22 18 25 2 28.8 8.1 20.7 9.2 
0.319444
444 
23 18 25 3 24.66 11.82 12.84 9.4 
0.381184
104 
24 18 25 3 28.02 13.2 14.82 - - 
25 18 25 3.2 20.28 14.76 5.52 - - 
26 18 25 1.7 19.38 7.74 11.64 8.6 
0.443756
45 
27 18 25 1.9 18.96 12.66 6.3 9 
0.474683
544 
28 18 25 1.7 21.96 11.64 10.32 8 
0.364298
725 



























30 18 25 2.4 19.5 12.12 7.38 - - 
31 25 15 2.4 76.8 47.3 29.5 3.9 
0.050781
25 
32 25 15 3.8 57.6 40 17.6 5.3 
0.092013
889 
33 25 15 3.5 58.4 43.7 14.7 5.3 
0.090753
425 
34 25 15 3.4 45.4 27.7 17.7 3.7 
0.081497
797 
35 25 15 4.2 53.5 41 12.5 4.5 
0.084112
15 
36 30 15 2.6 68 49.2 18.8 -   
37 30 15 2.8 66.3 29 37.3 5 
0.075414
781 
38 30 15 3.3 65.7 39.7 26 -   
39 30 15 3.3 46.6 32.5 14.1 4.8 
0.103004
292 




























Appendix B. Type II Experiments 
 
























41 Pure 10 21 3.2 33.3 8.2 25.1 9 - 
0.27027
027 
42 Pure 10 21 3.8 32.8 15.6 17.2 10.1 - 
0.30792
6829 
43 Pure 10 21 3.4 28.6 3.7 24.9 8.1 - 
0.28321
6783 
44 Pure 10 21 4.2 29 16.5 12.5 10.1 - 
0.34827
5862 
45 Pure 10 21 3.2 19.5 n/a 19.5 9.7 - 
0.49743
5897 
46 Pure 20 21 3.5 27.3 15.5 11.8 9.5 - 
0.34798
5348 
47 Pure 20 21 4 36.2 14 22.2 8.2 11 
0.22651
9337 
48 Pure 20 21 2.6 33.5 10.3 23.2 7.5 9 
0.22388
0597 
49 Pure 20 21 3.4 37.2 22 15.2 7.4 12 
0.19892
4731 
50 Pure 20 21 2.7 32.2 12.5 19.7 6.7 9 
0.20807
4534 
51 Pure 30 21 3.2 33.2 8.5 24.7 7 15 
0.21084
3373 
52 Pure 30 21 2.2 27 10.6 16.4 6.1 11 
0.22592
5926 
53 Pure 30 21 2.7 43.1 n/a 43.1 5.7 10 
0.13225
058 
54 Pure 30 21 2.1 29.8 14.6 15.2 6.5 14 
0.21812
0805 
55 Pure 30 21 1.9 39.7 12 27.7 5.1 16 
0.12846
3476 
56 Pure 10 -20 2.8 36 27 9 8.2 - 
0.22777
7778 
57 Pure 10 -20 4.5 35 16.3 18.7 8.8 - 
0.25142
8571 
58 Pure 10 -20 4.2 35.5 n/a 35.5 9.6 - 
0.27042
2535 
59 Pure 10 -20 4.4 25.3 n/a 25.3 10 - 
0.39525
6917 
60 Pure 10 -20 3.6 41.2 24.3 16.9 8.2 - 
0.19902
9126 
61 Pure 20 -20 4.3 54 26.2 27.8 9 6 
0.16666
6667 
62 Pure 20 -20 4.6 38.2 16.4 21.8 7.5 8 
0.19633
5079 
63 Pure 20 -20 5.4 57.3 37 20.3 8.2 5 
0.14310
6457 




Appendix B. Type II Experiments (cont.) 
 
























65 Pure 20 -20 5.8 34.6 30 4.6 10.2 9 
0.29479
7688 
66 Pure 30 -20 4.6 38.3 22.6 15.7 9.7 10 
0.25326
3708 
67 Pure 30 -20 4.5 49.2 35.2 14 7.1 10 
0.14430
8943 
68 Pure 30 -20 4.7 47.7 37.7 10 6.8 12 
0.14255
7652 
69 Pure 30 -20 4.4 41.7 31.2 10.5 7.2 10 
0.17266
1871 
70 Pure 30 -20 3.1 54 33.7 20.3 7.1 7 
0.13148
1481 
71 NaCl 20 21 2.2 48.2 30.5 17.7 6.2 9 
0.12863
0705 
72 NaCl 20 21 3 36.9 23.1 13.8 7.1 11 
0.19241
1924 
73 NaCl 20 21 3.3 45 20.5 24.5 6 10 
0.13333
3333 
74 NaCl 20 21 2.8 53.6 29.6 24 5.7 9 
0.10634
3284 
75 NaCl 20 21 2.8 43.5 14.5 29 7.4 11 
0.17011
4943 
76 NaCl 20 -20 2.2 53.3 27.6 25.7 6.5 7 
0.12195
122 
77 NaCl 20 -20 2.6 49 30.6 18.4 7 8 
0.14285
7143 
78 NaCl 20 -20 2.3 53.5 n/a 53.5 6.2 5 
0.11588
785 
79 NaCl 20 -20 2.5 45.7 16 29.7 6.7 11 
0.14660
8315 
80 NaCl 20 -20 2.5 60.8 26.8 34 7 8 
0.11513
1579 
 
 
 
 
 
  
 
 
 
 
 
 
 
	
